Background and Purpose-Investigational carotid stenting for extracranial carotid stenosis has demonstrated procedural results approaching those reported with endarterectomy, but with limited cost and long-term data. This study compared the in-hospital outcomes and costs of these 2 revascularization strategies at a single institution and the long-term effectiveness of carotid stenting. Methods-Data for 136 endarterectomies and 136 carotid stent procedures at a tertiary-care community hospital were obtained. The primary clinical outcome measures were in-hospital major ipsilateral stroke and death. In-hospital direct variable costs and length of stay were the primary economic measures. Information on restenosis and late ipsilateral stroke for the stent group was available at 2-year follow-up. Results-These nonrandomized groups were similar, but the endarterectomy group had more symptomatic patients (42% versus 31%; Pϭ0.0004), and the stent group had more NASCET-excluded patients (68% versus 35%; PϽ0.0001).
A lthough first performed in 1953, 1 carotid endarterectomy was variably applied in patients with significant extracranial carotid artery stenosis until almost 40 years later, 2 when the North American Symptomatic Carotid Endarterectomy Trial (NASCET) confirmed its effectiveness in symptomatic patients. 3, 4 Subsequently, the Asymptomatic Carotid Atherosclerosis Study (ACAS) demonstrated its utility in the asymptomatic patient. 5 These 2 landmark trials firmly established carotid endarterectomy as standard therapy for carotid bifurcation disease. However, NASCET and ACAS surgeons were rigorously screened, the patient cohorts were low risk, and the operations were performed at regional centers of surgical excellence, all of which potentially limit the broad applicability of these study results to clinical practice. Several subsequent surveys of carotid endarterectomy have confirmed that rates of stroke and death are higher than reported in these trials, 6 even at participating study institutions. 7 Operators and hospitals with low volumes, as well as high-risk patients with significant comorbidities, both of which are commonly encountered in clinical settings, are specifically associated with greater rates of adverse outcomes. 8 -17 Percutaneous carotid angioplasty was first reported in 1981 for fibromuscular dysplasia 18, 19 and 2 years later in atherosclerotic disease. 20, 21 Its use was limited as a result of issues surrounding possible embolic complications, suboptimal angiographic results, acute vessel closure, elastic recoil, and restenosis. In the last decade, however, the introduction of adjunctive stenting has mitigated many of these concerns. Although it is still an emerging technique using evolving equipment, both single-center reports [22] [23] [24] [25] [26] and worldwide surveys 27 of carotid stenting have demonstrated procedural results approaching those of endarterectomy, typically in high-risk patients with significant comorbidities excluded from previous surgical trials. 28 -33 Complications of anesthesia, infection, hemorrhage, myocardial infarction, and cranial nerve palsy are avoided with stenting, which has also shown the potential to shorten hospital stays and lower costs compared with endarterectomy. 34 To determine the current relationship between these 2 therapies, we undertook a comparison of in-hospital outcomes, costs, and resource utilization in nonrandomized, contemporary cohorts undergoing carotid endarterectomy or investigational carotid stenting at our institution. In addition, 2-year outcomes for the carotid stent group were analyzed to assess the durability and efficacy of the initial percutaneous results.
Subjects and Methods

Clinical Populations
Carotid Endarterectomy
The 136 carotid endarterectomies performed in 1997 at Presbyterian Hospital, a 453-bed tertiary-care community hospital in Albuquerque, NM, serve as the surgical cohort and were not in a study protocol. The calendar year 1997 was chosen because it represented a contemporary clinical experience and was centered in the 30-month (March 1996 to September 1998) economic carotid stent data, thus obviating the need for cost adjustment. These endarterectomy patients were not involved in an investigational study; the surgeons caring for these patients determined treatment, both clinical and operative, on the basis of national and community standards. Patients undergoing hospital-based therapy other than endarterectomy were excluded from the analysis.
Carotid Stent
An investigational registry was established in March 1996 at the same institution to evaluate the safety, efficacy, and costs of carotid stenting. The first 136 consecutive stent procedures (to equal the number of endarterectomy procedures) were used for comparison. All patients gave informed consent and underwent the procedure according to a protocol approved by the Institutional Review Board, with the exception of 1 patient with multiple medical comorbidities and a 52% stenosis with recurrent transient ischemic events in the same vascular distribution, who had the procedure performed on a compassionate basis. A multidisciplinary team including interventional cardiology (W.A.G., H.J.W.), neurology (D.M.B.), and vascular surgery (G.C.) evaluated and cared for these patients. Patients were eligible for the investigation if they had a symptomatic or asymptomatic extracranial carotid stenosis Ն60%, reflecting both the NASCET 3 and ACAS 5 eligibility criteria at the time of protocol development. The determination of carotid stenosis severity was made according to the NASCET method. 3 Patients were excluded for intracranial tumor, arterial venous malformation or hemorrhage, lesion thrombus, prior disabling stroke, dementia limiting informed consent, total carotid occlusion, or stroke in evolution. Extremely calcified lesions, lack of vascular access, and extremely tortuous carotid artery anatomy were also excluded on the basis of the operator's assessment that these lesion characteristics increased the risk of stenting. Three patients initially considered carotid stent candidates were referred for carotid endarterectomy on the basis of anatomic or access exclusions.
Carotid Stent Protocol
Clinical Protocol
All patients had baseline blood counts, coagulation profiles, chemistries, urinalysis, and ECG. Evaluation by a neurologist using the National Institutes of Health (NIH) Stroke Scale and the Barthel Index was performed before the procedure (usually on the same day), within 24 hours after the procedure, and 6 months after the procedure. In patients experiencing a procedural neurological event, evaluation was also performed at hospital discharge. Screening for neurological events was performed on the yearly anniversary of the stent procedure. A cranial MRI or CT scan was obtained before the procedure and after stenting only for a procedural event. Carotid Doppler ultrasound, for which we used a laboratory accredited by the Intersocietal Commission for the Accreditation of Vascular Laboratories, was done before the procedure, 2 weeks and 6 months after the procedure, and yearly on the anniversary of the procedure. If Doppler evaluation suggested restenosis, angiography was performed to assess stent patency.
Procedural Protocol
Patients were pretreated with aspirin and either ticlopidine 250 mg PO BID or clopidogrel 75 mg PO every morning for at least 3 days before and 2 to 4 weeks after the procedure. Sedation was avoided to allow for frequent neurological evaluation. All patients had 4-vessel cerebral angiography, most at the same session as the stent procedure. Stenosis severity and reference vessel diameter were determined by quantitative analysis of the angiogram (both computeraided and caliper measurements). Percutaneous access for the intervention was via the common femoral artery. After heparinization, the lesion was predilated with a low-profile coronary balloon to allow for placement of a self-expanding stent (Wallstent, Schneider USA/Boston Scientific Corporation). Approximately midway through this stent experience, the poststent dilation strategy was altered on the basis of data from other sites, and aggressive dilation after stent deployment was avoided to reduce the potential for emboli. Ipsilateral cerebral angiography followed stent placement to assess for any embolic complications or changes in contrast flow. Femoral access was discontinued within 4 to 6 hours, and the patient was discharged on the same or following day.
Angiographic success was defined as a successful stent deployment and a Յ25% residual stenosis. Primary outcome measures included any major ipsilateral stroke or death during hospitalization. Secondary outcome measures included in-hospital minor ipsilateral stroke for both groups and, for the stent group only, restenosis (defined as Ն50% angiographic stenosis at 6 months) and late ipsilateral stroke.
A major stroke was defined as any new neurological deficit increasing the NIH Stroke Scale score Ն4 and sustained for Ͼ7 days. A minor stroke was defined as any new neurological deficit resolving completely within 7 days. In all but 1 patient with a minor stroke, the NIH Stroke Scale score changed Յ3 points, representing a minor neurological deficit.
Carotid Endarterectomy Data Collection
Carotid endarterectomy patient charts were reviewed for medical history, information on preoperative testing (eg, carotid Doppler ultrasonography and/or angiography, cardiac or pulmonary testing), the patient's admission status (elective, urgent, emergent), NASCET-excluded comorbidities, duration of operating room use, in-hospital morbidity and mortality, blood product administration, and intensive care unit/total length of stay after endarterectomy. Since independent neurological evaluation was not performed routinely on these patients, the reporting surgeon provided the necessary data. No posthospital data are reported on the surgical patients.
Economic Populations and Analysis
The 136 carotid endarterectomies in 1997 and the 99 consecutive carotid stent procedures in the first 30 months of the registry were used in the cost and resource utilization analyses. No charge data were used to determine costs; instead, a system of microcosting was used. The institution's accounting system (Transition System, Inc) was queried for length of stay and direct variable costs associated with carotid endarterectomy and carotid stent patients from the day of the procedure or operation until discharge; hospital costs were further defined according to departmental cost centers. Indirect costs, representing hospital overhead not related to patient care (eg, parking, security, food service), were not included for either group. No professional fees were included in the cost analysis.
Statistical Analysis
All descriptive data are expressed as either meanϮSD or as an absolute count and a percentage of total when appropriate. Multiple procedures in individual patients occurred, making the number of procedures (136) in each cohort greater than the number of patients. In every instance in which a patient underwent multiple procedures, the subsequent procedure was only performed once the induction period for clinical sequelae for the previous procedure had expired, providing grounds for the assumption of statistical independence between successive procedures. Analyses of continuous variables between the clinical carotid stent and carotid endarterectomy cohorts were performed with unpaired, 2-tailed Student's t test with a sample size of 136 for each cohort. In the case of cost and resource utilization comparisons, the sample size is 99 for the stent group and 136 for the endarterectomy group. For categorical variables, either a 2 or 2-tailed Fisher's exact test, when appropriate, was used. The Wilcoxon rank sum test was used to compare median values.
Results
Clinical Characteristics of Endarterectomy and Stent Patients
A total of 136 procedures in each group were analyzed, representing 126 endarterectomy and 122 stent patients as a result of bilateral, but not repeated ipsilateral, treatment. The clinical characteristics of the 2 groups are shown in Table 1 . The groups were similar in most respects; however, the surgical group had more symptomatic patients (42% versus 31%; Pϭ0.0004), and the stent group had significantly more patients with NASCETexcluded comorbidities (68% versus 35%; PϽ0.0001).
Ten surgeons performed endarterectomy at the institution in 1997; volumes and complications by surgeon are displayed in 
Angiographic and Procedural Characteristics for the Stent Group
Detailed angiographic and procedural descriptions for the stent group are displayed in Table 2 . Forty-five (33%) of the lesions were considered high risk for endarterectomy because of difficult or inaccessible lesion location, contralateral occlusion, prior endarterectomy with restenosis, prior radiation therapy, or accompanying intracranial stenosis. The administration of atropine during the procedure for bradycardia and/or hypotension from carotid body stimulation during lesion dilation and stenting was common (40% of cases). Less common, but usually more long-lived, was the need for intravenous vasopressors during and after the procedure for persistent hypotension without bradycardia, unresponsive to atropine. No complications resulted from periprocedural hemodynamic instability.
As is occasionally seen during carotid cross-clamping in the electroencephalogram-monitored and anesthetized endarterectomy patient, intraprocedural cerebral ischemia during balloon inflation occurred in 6 patients (4%). It usually manifested as a brief seizure, was predictable by the cerebrovascular anatomy, and in no case resulted in a clinical event.
A coughing spasm was provoked by balloon inflation in 9 patients (7%), without identifiable mechanism. Values are number (%) unless indicated otherwise. Percentages are expressed with the total number of treated arteries used as the denominator.
*NASCET exclusions: age Ͼ79 y, prior ipsilateral carotid endarterectomy, unstable coronary syndrome, myocardial infarct in previous 6 mo, cardiac valvular or rhythm abnormality likely to cause embolic cerebrovascular symptoms, contralateral occlusion, a more severe lesion cranial to the surgical lesion, contralateral carotid endarterectomy within previous 4 mo, uncontrolled hypertension or diabetes, organ failure likely to cause death within 5 y, major surgical procedure in previous 30 d, prior severe cerebrovascular accident, progressing neurological syndrome, total carotid occlusion. 3 †Group comparison.
Procedural success was 100%, with all patients receiving a stent and relief of their stenosis. The mean angiographic stenosis before the stent was 75%Ϯ11% and after the stent was 4%Ϯ6%. Median stenosis was greater for the asymptomatic than for the symptomatic patients (77% versus 74%), although this was not statistically significant. There was no significant change in the mean NIH Stroke Scale (0.80Ϯ1.78 versus 0.88Ϯ1.96; Pϭ0. 34) 
In-Hospital Outcomes for Endarterectomy and Stent Groups
Adverse in-hospital outcomes in hierarchical format (only the most severe complication is reported in each patient) for both groups are listed in Table 3 . The number of major complications (death and major ipsilateral stroke) was greater in the surgical group than in the stent group, but the difference was not statistically significant (2.9% versus 0%; Pϭ0.12). While the percentage of minor complications was the same in the 2 Total minor adverse outcomes 9 (6.6%) 9 (6.6%)
Total adverse outcomes 13 (9.6%) 9 (6.6%) 0.5 groups (6.6%), they differed in type. Total adverse outcomes for the 2 groups were similar (9.6% versus 6.6%; Pϭ0.4). Nonhierarchical adverse hospital outcomes (multiple complications counted in a single patient) were also assessed.
Although not compared statistically, a count of total inhospital adverse events was greater in the surgical group than in the stent group (17.6% versus 5.9%) and included respiratory failure, pulmonary edema, reoperation, and infection not seen with stenting. When death and stroke are excluded, medical complications occurred more frequently in the surgical group (11.8% versus 2.9%). Table 4 details each procedural minor stroke in the stent group; there were no neurological events after the procedure.
Costs and Resource Utilization for Endarterectomy and Stent Groups
The direct variable costs and resource utilization for both groups are listed in Table 5 . The median lengths of stay for the stent and surgery groups were 1 and 2 days (PϽ0.0001), respectively, regardless of the level of patient acuity (ie, elective, urgent, or emergent). Patients in the carotid stent group spent significantly less time in the hospital (mean, 1.4 versus 3.0 days; PϽ0.0001) and incurred significantly less direct costs (mean, $3417 versus $5407; PϽ0.0001) compared with patients in the endarterectomy group. Procedural costs in both groups were similar, but the overall nonprocedural costs were significantly greater in the surgery group ($2867 versus $555; PϽ0.0001), reflecting significantly more intensive care nursing, pharmacy, radiology, respiratory therapy, and central supply costs. In addition, both mean intensive care unit length of stay (0.21 versus 0.67 days; PϽ0.0001) and mean total catheterization laboratory time were significantly less for the stent group than mean operating room time for the endarterectomy group (53 versus 179 minutes; PϽ0.0001). The mean total direct costs plotted against the mean length of stay for each procedure is displayed in Figure 2 .
Posthospital Clinical and Doppler Ultrasound Data for the Stent Group
The postprocedural clinical and ultrasound data for the 136 carotid stent procedures are shown in Table 6 . At 30 days 
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there were 2 deaths (1.6%), neither neurological nor related to procedure, and 1 minor ipsilateral stroke due to cerebral hemorrhage 2 days after the procedure, presenting as a headache and seizure with minimal neurological deficit. Only 1 additional ipsilateral stroke (minor) occurred in the 6-to 12-month interval, resulting in a total postprocedural ipsilateral stroke rate of 0.8% at 12 months and 1.3% at 24 months, and there were no major strokes in the stent group at any time during the entire 2-year period of analysis. Doppler results were divided into quartiles according to systolic velocity; they generally overestimate angiographic stenosis severity in all quartiles when compared with nonstented patients. At 6 months, Doppler velocities suggested significant restenosis (peak systolic velocity Ն2.5 m/s) in 8 treated arteries; subsequent angiography in these 8 demonstrated restenosis (Ͼ50% diameter) in only 4 (3.1%), and in those cases peak systolic velocity was Ն3.4 m/s. Three of these patients had a repeated percutaneous intervention, and 1 patient had endarterectomy with stent explantation; there were no clinical events arising from these secondary procedures. Between the 6-and 12-month evaluations, 2 additional stents had progression of neointimal hyperplasia on Doppler ultrasound evaluation. One patient presented with the aforementioned ipsilateral minor stroke and had a successful repeated procedure, and the other patient was asymptomatic. The remaining stents continued patent without progression of neointimal hyperplasia to 24 months.
Discussion
The Carotid Revascularization Endarterectomy Versus Stent Trial (CREST), an NIH study to evaluate carotid stenting, began in late 2000. However, with an anticipated enrollment of 2500 patients and follow-up ranging to 4 years, it will be several years before randomized data are available to guide therapy selection in extracranial carotid disease. Our study provides insight into the relationship between these 2 treatments not otherwise currently available.
We found no significant difference in clinical outcomes between carotid endarterectomy and carotid stenting but significantly less cost and resource utilization in the stent group. Although not randomized, the 2 groups were well matched except for the greater number of symptomatic patients in the surgical group and of NASCET-excluded patients in the stent group. These differences reflect current referral patterns for investigational stenting, which typically attracts more high-risk patients on an elective basis. 22 Hence, the equivalent clinical outcomes with stenting in this study were achieved in a higher-risk cohort with an excess of comorbidities compared with surgical patients.
The endarterectomies in the present study were performed in a less select group of patients than in NASCET and ACAS, and the outcomes are probably more representative of clinical practice. 8, 16 While the 5.1% in-hospital stroke and death rate for endarterectomy patients in this study is consistent with those from the prior large, neurologically controlled, studies of longer (30-day) outcomes, 3, 35 it probably does not represent all events. Rothwell et al 36 analyzed the published results 37 Since in-hospital stroke in this study was systematically and independently evaluated by a neurologist only in the stent group, other strokes in the surgical group may not have been identified. The rate of adverse events for carotid stenting in this single-center experience is similar to prior published data. [22] [23] [24] [25] [26] 33 In a 1999 global survey of 5210 carotid stent procedures from 36 sites, the rate was 1.5% for major stroke, 2.7% for minor stroke, and 0.9% for death. 27 Minor strokes also accounted for most of our stenting complications, with 2 of the 4 minor strokes related to limitations of rudimentary equipment inherent in an early experience with a new technique. Specifically, the ability to negotiate tortuosity in access vessels and at lesion sites will improve with the smaller, more flexible, dedicated stent systems now being tested to replace the tracheobronchial device used here. However, in 3 of the 4 events no abnormality was evident on intracranial angiography after the procedure, suggesting that the embolism presumed responsible was of limited size. Cerebral embolic protection devices currently in feasibility trials may further reduce the already low rates of these clinically evident embolic events.
In this study carotid endarterectomy consumed significantly greater institutional resources than carotid stenting, with more than twice the total and intensive care unit lengths of stay, longer operating room times, and greater blood product utilization. One possible contributing factor was the 11.8% medical complication rate in the endarterectomy group. In a review of medical complications in the NASCET study, Paciaroni et al 38 found a 30-day medical complication rate of 8.1%, one quarter of which prolonged hospitalization. And while discharge on the first postoperative day after endarterectomy has been shown to be safe and to reduce costs, only 65% to 75% of patients are candidates for such a pathway, 39 -41 and the remaining patients may significantly lengthen the mean. While some institutions may have shorter lengths of stay for endarterectomy patients, we believe that our lengths of stay are representative since several authors have observed the same or greater lengths of stay after endarterectomy. 40 -43 It is noteworthy that same-day discharge was feasible and safe in a number of the stent patients and with increasing experience could be applied to the majority of patients, since postprocedural complications in carotid stenting are unusual, and femoral artery closure devices not previously available now allow earlier ambulation. This is the first study to compare direct hospital costs of these revascularization strategies, with the costs incurred for the surgical group comparable to prior cost analyses of endarterectomy. 40,44 -47 The greater costs associated with endarterectomy appear to be the result not only of longer hospitalizations but also of increased intensity of services for surgical patients. In an analogous comparison, studies of percutaneous angioplasty versus bypass surgery in patients with multivessel coronary disease have found significantly greater hospital costs associated with the surgical pathway but nearly equivalent costs at 5 years, largely because of the repeated intervention required in the angioplasty arm secondary to a significant rate of coronary restenosis. 48 Although long-term costs in this study were not tracked, the low rate of restenosis in the stent arm at 2 years, which is lower than published rates of restenosis after surgery, 49 is unlikely to lead to significant late costs in the stent group, thus preserving initial differences. Given the total annual cost for endarterectomy in the United States of approximately $2 billion, the nearly 40% reduction in direct costs with carotid stenting seen here represents significant potential savings. The reduction or elimination of preoperative screening tests could further reduce currently uncounted costs associated with surgery.
The criteria for Doppler/ultrasound evaluation of a stented carotid artery appear to be somewhat different than those for evaluation of a nonstented vessel, with velocities generally greater in the stented artery for the same degree of angiographic stenosis. Although speculative, this likely relates to possible changes in vessel compliance with a stent in place, as well as the longer length of the resistive conduit that promotes continuous velocity acceleration through it with even modest neointimal hyperplasia. Given the generally low embolic potential associated with neointimal hyperplasia, non-hemodynamically significant in-stent restenosis does not appear to increase risk for subsequent stroke and may in fact be advantageous.
In any carotid revascularization strategy, procedural safety is critical, but stroke prevention is the ultimate measure of effective therapy. Stenting appears to be a durable procedure, with angiographic restenosis at 6 months limited to 3.1%. This low rate of in-stent restenosis, confirmed elsewhere, 22, 23, 33 compares favorably with a restenosis rate of 7.6% to 11.4% when systematically studied after endarterectomy in ACAS. 49 Also important is the finding that continued in-stent neointimal hyperplasia after 6 months is extremely infrequent.
In the carotid stent group there were no major ipsilateral strokes and only 1 ipsilateral stroke after 30 days in the 2-year follow-up period. On the basis of modeling using NASCET and ACAS medical treatment arms as historical references for the symptomatic and asymptomatic stent patients, respectively, an ipsilateral stroke rate of approximately 11% would have been expected in this population at 2 years. The actual ipsilateral stroke rate for the 77 arteries reaching the 2-year mark in the stent group was 3.9%, most of which were procedural and all of which were minor. These data, along with another large series with long-term follow-up, 33 suggest that carotid stenting is effective in stroke prevention.
In conclusion, this single-center, nonrandomized comparison of carotid revascularization strategies demonstrates comparable in-hospital outcomes, but significantly less cost and resource utilization, with carotid stenting compared with endarterectomy and durable 2-year outcomes with stenting. These stent results, in a high-risk cohort, represent an early experience with relatively primitive tools. As dedicated stent equipment emerges, cerebral embolic protection devices are added, and operator technique improves, stenting will likely become even more predictable. We await the results of current randomized trials to further define the relationship between endarterectomy and stenting.
